Glutathione reductase plays a crucial role in the elimination of H 2 O 2 molecules via the ascorbate-glutathione cycle. In this study, we used transgenic Arabidopsis plants with decreased glutathione reductase 2 (GR2) levels to investigate whether this GR2 activity protects the photosynthetic machinery under excess light. The transgenic plants were highly sensitive to excess light and accumulated high levels of H 2 O 2 . Photosystem II (PSII) activity was significantly decreased in transgenic plants. Flash-induced fluorescence relaxation and thermoluminescence measurements demonstrated inhibition of electron transfer between Q A and Q B and decreased redox potential of Q B in transgenic plants. Immunoblot and blue native gel analysis showed that the levels of PSII proteins and PSII complexes were decreased in transgenic plants. Analyses of the repair of photodamaged PSII and in vivo pulse labeling of thylakoid proteins showed that the repair of photodamaged PSII is inhibited due to the inhibition of the synthesis of the D1 protein de novo in transgenic plants. Taken together, our results suggest that under excess light conditions, GR2 plays an important role in maintaining both the function of the acceptor side of PSII and the repair of photodamaged PSII by preventing the accumulation of H 2 O 2 . In addition, our results provide details of the role of H 2 O 2 in vivo accumulation in photoinhibition in plants.
Introduction
Although light is essential for photosynthesis, it is also harmful to the photosynthetic machinery. Excess light inhibits photosystem II (PSII) activity, a phenomenon commonly referred to as photoinhibition [1] . Light-dependent damage, i.e. photodamage, to PSII occurs under light of any intensity and is, thus, unavoidable. However, photosynthetic organisms are able to compensate for photodamage through rapid and efficient repair of PSII [2] . Therefore, the extent of inactivation of PSII under light conditions depends on the balance between the photodamage to PSII and the repair of the damage. Under low light conditions, the rate of photodamage is low enough to be balanced by the repair process so that inactivation of PSII is not apparent. However, under excess light, the rate of photodamage exceeds the rate of repair and results in clear inhibition of PSII function [3, 4] .
In addition, reactive oxygen species (ROS) are inevitable byproducts of photosynthesis. Reduction of oxygen on the acceptor side of photosystem I (PSI) results in the formation of superoxide radical (O 2 • − ), which can be further converted to hydrogen peroxide (H 2 O 2 ) and hydroxyl radical (•OH) [5] . Singlet oxygen (1O 2 ) is generated by energy transfer from excited chlorophylls to oxygen in the lightharvesting complexes [6] . Thus, when the amount of light absorbed by the photosynthetic machinery exceeds the capacity for photosynthesis, ROS generation is promoted [4] .
The involvement of ROS in photodamage to PSII and/or in inactivation of repair has been a matter of controversy. Early in vitro studies using isolated PSII complexes and thylakoid membranes suggested that ROS, in particular 1O 2 , might be the primary cause of photodamage to PSII [7, 8, 9] . These studies lead to two proposed mechanisms, namely the "acceptor-side" mechanism and "charge-recombination" mechanism [7, 9] . In addition, O 2 • − , H 2 O 2 , and •OH induce specific cleavage of the D1 protein of PSII in vitro [10] [11] [12] [13] [14] . However, recent studies in living cyanobacteria indicated that ROS cause photoinhibition primarily by interfering with the repair of PSII and not by damaging PSII directly [4, [15] [16] [17] . In cyanobacteria, increased intracellular accumulation of ROS due to exogenous ROS, photosensitizers, or mutagenesis of genes for H 2 O 2 -scavenging enzymes or biosynthesis of α-tocopherol gives rise to enhanced photoinhibition of PSII. The increased photoinhibition is due to lower repair rates of the photodamaged PSII and not to the increase of the photodamage to PSII [18] [19] [20] [21] . This conclusion was further supported by studies in higher plants [22, 23, 24] . The inactivation of PSII repair by ROS is due to the suppression of protein biosynthesis [18, 20] . In contrast to these findings, the results of some in vivo studies in higher plants support direct photodamage of PSII by ROS [25, 26, 27] . This may reflect differences in the effects of ROS on PSII in higher plants and cyanobacteria, the latter of which are prokaryotes and do not contain chloroplasts. The D1 protein of PSII of the cyanobacterium Synechocystis is encoded by a small family of psbA genes, namely, psbA2, psbA3, and psbA7 [28, 29, 30] . By contrast, a single copy of psbA exists in the chloroplast genome in plants. Moreover, the Calvin cycle enzymes of cyanobacteria are resistant to inhibition by H 2 O 2 [31] . These differences highlight the need for further studies on the effects of ROS in inhibition of PSII in higher plants. In higher plants, the levels of various ROS are regulated by antioxidative systems that include ROS-scavenging enzymes and antioxidants. Glutathione reductase (GR, EC 1.6.4.2) is an important antioxidative enzyme that reduces the oxidized form of glutathione (GSSG) to glutathione (GSH), which is involved in scavenging H 2 O 2 through the ascorbate-glutathione cycle [32] . Higher plants contain a cytoplasmic/ peroxisomal GR (named GR1 in Arabidopsis) and a chloroplastic/mitochondrial GR (named GR2 in Arabidopsis) [33] [34] [35] [36] [37] . The roles of GR1 and GR2 in their different cellular compartments have been investigated extensively. Mutagenesis of GR1 in Arabidopsis does not lead to an obvious phenotype [35] . In addition, increased cytosolic GR activity does not increase stress tolerance in transgenic tobacco plants [38] . A recent study has demonstrated, however, that GR1 does play an essential role in H 2 O 2 metabolism and signaling [39] . By contrast, GR2 is crucial for plant development not only under normal growth conditions, but also under stress conditions. Mutagenesis of GR2 is lethal early in embryo development [35, 40] , and GR2 is essential for maintenance of the root apical meristem [37] . In addition, GR2 modulates H 2 O 2 and glutathione signaling during Arabidopsis leaf senescence [41] . Several lines of evidence suggest that chloroplast GR plays an important role in protecting photosynthesis from environmental stresses. For example, elevated chloroplast GR levels in transgenic tobacco plants enhance tolerance of photosynthesis to oxidative stress caused by ozone and paraquat [42, 43] . Conversely, inhibition of chloroplast GR activity in transgenic tobacco or tomato plant increases sensitivity of photosynthesis to oxidative stress induced by paraquat or chilling stresses [44] [45] [46] [47] . Furthermore, chloroplast GR helps maintain photosynthetic activity in the face of excess light and chilling-induced photoinhibition [48, 49, 50] . Transgenic poplar plants with elevated chloroplast GR levels maintain higher photosynthetic rates than wild-type poplar under high-light conditions [48] . In addition, transgenic cotton plants with increased chloroplast GR show higher photosynthetic rates than the wild-type cotton under moderate chilling and high-light conditions [49, 50] . However, it is still unclear how chloroplastic GR2 protects the photosynthetic apparatus under excess light conditions. We previously reported that the chloroplastic/mitochondrial GR2 RNAi plants with greatly decreased GR2 levels display early onset of age-dependent and dark-and H 2 O 2 -induced leaf senescence, suggesting that GR2 is an important regulator of leaf senescence [41] . In this study, we used GR2 RNAi plants to explore the mechanism of GR2 in protecting the photosynthetic apparatus from excess light. Our results suggest that GR2 protects the PSII function by maintaining electron transfer at the acceptor side of PSII and the repair of photodamaged PSII under excess light conditions through preventing the accumulation of H 2 O 2 . Our results provide detailed information on the effects of H 2 O 2 in vivo during photoinhibition in higher plants.
Material and methods

Plant materials and growth conditions
Two independent lines (igr2-9 and igr2-14) of transgenic Arabidopsis plants with strongly decreased GR2 levels (less than 10% of wild-type plants) were established in our previous study [41] . Seeds of transgenic Arabidopsis lines were germinated on MS medium in the presence of 40 
Detection and measurement of ROS
In situ detection of H 2 O 2 was carried out using 3,3′-diaminobenzidine (DAB) staining as described by Thordal-Christensen et al. [51] . Detached leaves were vacuum-infiltrated with 1 mg mL −1 DAB solution (pH 3.8)
for 5 min and incubated in the dark at room temperature for 6 h. Samples were boiled in 95% ethanol for 10 min before photographs were taken. For in situ detection of O 2 • − , detached leaves were vacuuminfiltrated with 1 mg mL − 1 nitroblue tetrazolium (NBT) solution in 10 mM potassium phosphate buffer (pH 7.8) for 5 min and incubated for 20 min in the dark at room temperature [52] . Samples were boiled in 95% ethanol for 10 min before photographs were taken. Imaging of singlet oxygen was performed as described by Flors et al. [53] . Briefly, detached leaves were immersed in 10 mM SOSG (Invitrogen) in 50 mM phosphate buffer (pH 7.5) for 2 h in darkness and then transferred to normal growth light or to excess-light conditions for 4 h. Following excitation of SOSG by UV light, fluorescence images were acquired using a charge-coupled device camera (Olympus) with a GFPA interference filter in the objective. Fluorescence intensity was determined using ImageJ software (http://rsb.info.nih.gov/ij/) and background values were subtracted.
Total leaf H 2 O 2 was measured according to the method of VeljovicJovanovic et al. [54] . Total leaf O 2 • − was determined by the method according to Xu et al. [55] . Leaf singlet oxygen was detected by monitoring the fluorescence quenching of DanePy [56] .
Chlorophyll fluorescence analysis
Chlorophyll fluorescence was measured using a PAM-2100 portable chlorophyll fluorometer (Heinz Walz, Germany) as described previously [46] . Leaves were incubated in the dark for 30 min after which the minimum fluorescence (F o ) was determined using weak red light. The maximum fluorescence of the dark-adapted state (F m ) was determined during a subsequent saturating pulse of white light (8000 μmol photons m − 2 s − 1 for 0.8 s) using the same leaf. Then, the leaves were exposed to continuous actinic light (equivalent to growth light intensity) for 7 min. The steady-state fluorescence (F s ) was recorded, and a second saturating pulse of white light (8000 μmol photons m − 2 s − 1 for 0.8 s) was given to measure the maximum fluorescence in the light-adapted state (F m ′). Then, the actinic light was removed and the minimal chlorophyll fluorescence in the light-adapted state (F o ′) was determined by applying a 3-s pulse of far-red light. Using the above fluorescence parameters, we calculated the maximal efficiency of PSII photochemistry in the darkadapted state, F v /F m = (F m − F o )/F m , and the actual PSII efficiency,
P 700 absorbance
According to the method used by Meurer et al. [57] , the lightinduced P 700 absorbance changes at 820 nm were determined using a PAM-101 fluorometer connected to an emitter-detector unit ED 800 T (Walz). Absorbance changes induced by saturating far-red light were used to estimate the photochemical capacity of PSI.
Thylakoid membrane preparation
Thylakoid membranes were prepared as described by Peng et al. [58] . Leaves were homogenized in ice-cold isolation buffer (400 mM sucrose, 50 mM HEPES-KOH, pH 7.8, 10 mM NaCl, and 2 mM MgCl 2 ) using a chilled mortar and pestle and filtered through four layers of cheesecloth. The filtrate was then centrifuged at 4000 g for 10 min. The thylakoid pellets were washed with ice-cold isolation buffer twice. The resulting thylakoid membrane pellets were either used fresh or frozen in liquid N 2 and stored at −70°C until use.
Measurements of electron transport activity
The electron transport activity of PSI and PSII was measured using a Clark-type oxygen electrode (Hansatech, King's Lynn, Norfolk, UK) according to Zhang et al. [26] . PSI electron transport activity was determined in a 1 mL reaction mixture containing 50 mM Tricine-NaOH (pH 7.5), 400 mM sucrose, 10 mM NaCl, 5 mM MgCl 2 , 1 mM sodium azide, 0.5 mM methyl viologen, 10 μM 3-(3′,4-dichlorophenyl)-1,1-dimethylurea (DCMU), 1 mM sodium ascorbate, 200 μM 2,6-dichlorophenol indophenol (DCPIP), and thylakoid membranes corresponding to 10 μg chlorophyll. PSII electron transport activity was determined in a 1 mL reaction mixture containing 50 mM Mes-NaOH (pH 6.5), 400 mM sucrose, 50 mM CaCl 2 , 5 mM MgCl 2 , 0.2 mM 2,6-dichloro-p-benzoquinone (DCBQ), 1 mM ferricyanide, and thylakoid membranes corresponding to 30 μg chlorophyll.
Chlorophyll fluorescence relaxation kinetics
The decay of fluorescence from chlorophyll a after a single turnover flash was measured using a double-modulation fluorescence fluorometer (model FL-200, Photon Systems Instruments, Brno, Czech Republic) as described in our previous work [46] . The instrument contained red LEDs for both actinic and measuring flashes and was used with a time range of 100 μs to 100 s. Before measurement, Arabidopsis leaves were dark-adapted for 30 min in the absence or presence of 50 μM DCMU. The intensity of the measuring flashes was low enough to avoid reduction of Q A (the primary quinone electron acceptor of PSII) in the presence of DCMU.
Thermoluminescence (TL) measurements
TL measurements of leaves were carried out using the Thermoregulator TR2000 thermoluminescence extension of the Double-Modulated Fluorometer FL2000-S/F (Photon Systems Instruments, Brno, Czech Republic). Leaves were dark-adapted for 30 min in the absence or presence of 50 μM DCMU at 22°C. Subsequently, the leaves were cooled to − 5°C and illuminated with one or multiple single-turnover flashes. Then, the samples were heated to 60°C at a rate of 1°C s −1, and the TL light emission was measured while heating. To detect period-four oscillation of the B-band, dark-adapted leaves were illuminated with a series of single-turnover flashes. Decomposition analysis of the TL glow curves was performed using a non-linear, least squares algorithm that minimizes the χ 2 function with Microcal™ Origin™ Version 6.0 software (Microcal Software Inc., Northampton, MA).
BN-PAGE, SDS-PAGE, and immunoblot analysis
BN-PAGE was performed as described by Peng et al. [58] . Freshly prepared thylakoid membranes were separated on acrylamide gels with linear 6% to 12% gradients. For two-dimensional SDS-PAGE analysis, the BN-PAGE lanes were excised, soaked in SDS sample buffer containing 5% β-mercaptoethanol, and layered on top of 15% SDS polyacrylamide gels containing 6 M urea. Proteins were separated using the standard method described by Laemmli [59] . For immunoblot analysis, total leaf proteins were separated using 15% SDS polyacrylamide gels containing 6 M urea [59] . After electrophoresis, the proteins were transferred electrophoretically to polyvinylidene difluoride membrane (Amersham Biosciences, USA), probed with specific antibodies, and visualized by the enhanced chemiluminescence method. X-ray films were scanned and analyzed using ImageMaster™ 2D Platinum software [26] .
Measurements of enzyme activity and antioxidants in the chloroplast
The activities of GR, DHAR, MDHAR, SOD, and APX as well as the contents of GSH, GSSG, ASC, and DHA were determined according to Ding et al. [46] .
RNA preparation, quantitative real-time PCR, and RNA gel blot
Total RNA was isolated using TRIzol reagent (Sigma-Aldrich) according to the manufacturer's instructions. Quantitative real-time PCR and RNA gel blot were carried out according to our previous study [60] . The primers of psbA used for real-time PCR were AGAATGTTGTGCTC AGCCTG (the sense primer) and CCCTACCTTATTGACCGCA (the antisense primer).
In vivo labeling of thylakoid proteins
Pulse labeling of thylakoid proteins was performed according to our previous work [61] . 
Results
Phenotype of the transgenic Arabidopsis plants under excess light
We have previously obtained transgenic Arabidopsis plants with greatly decreased GR2 levels by RNAi methodology [41] . Here, we used two transgenic lines (igr2-9, igr2-14) in which GR2 was present at less than 10% of wild-type levels [41] . To better understand how GR2 helps to maintain photosynthesis under excess light, three-week-old seedlings of wild-type and transgenic igr2-9 and igr2-14 lines that were grown under normal light conditions (80 μmol photons m
) were transferred to excess-light conditions (220 μmol photons m −2 s −1
) for 4 d. Under normal light, GR2-deficient plants were smaller than wild-type plants (Fig. 1A) , but there was no difference in chlorophyll content between wild-type and transgenic leaves (Fig. 1B) . However, under excess light, transgenic igr2-9 and igr2-14 plants were lighter green (Fig. 1A ) compared to wild-type. There was a slight decrease in the chlorophyll content of wild-type leaves in response to excess light, but a more prominent decrease in leaves of the transgenic plants (Fig. 1B) . These results suggest that GR2 plays a role in maintaining the chlorophyll content in excess light.
Functions of PSI and PSII under excess light
To investigate whether the pale-green phenotype of transgenic plants under excess light was correlated with inhibition of PSI and PSII, we measured parameters related to the function of PSI (e.g. ΔA 820max and PSI electron transport activity) and PSII (e.g. F v /F m , Φ PSII , and PSII electron transport activity) in wild-type and igr2-9 and igr2-14 plants. Under normal light, there were no significant differences in the measured parameters between wild-type and transgenic plants (Fig. 2) , suggesting that functions of PSI and PSII were unaffected by the decrease in GR2. Under excess light, F v /F m , Φ PSII , and PSII electron transport activities were significantly lower in wild-type as well as in transgenic plants, but the decreases were much larger in igr2-9 and igr2-14 plants ( Fig. 2A, B, C) . F v /F m , Φ PSII and PSII electron transport activities in transgenic igr2-9 and igr2-14 plants under excess-light conditions were 58%, 56% and 61% of those in wild-type plants, respectively. In addition, there was a decrease in ΔA 820 and PSI electron transport activity in wild-type and transgenic plants under excess light conditions, and this decrease was more pronounced in igr2-9 and igr2-14 plants (Fig. 2D, E) . The ΔA 820 and PSI electron transport activity in transgenic igr2-9 and igr2-14 plants under excess light were both about 85% of the values in wild-type plants. These results suggest that PSII is more profoundly affected than PSI in igr2-9 and igr2-14 plants under excess light.
Properties of donor and acceptor sides of PSII under excess light
To examine how PSII function is impaired in igr2-9 and igr2-14 plants under excess light, we investigated the functional status of the donor and acceptor sides of the PSII complex in wild-type and transgenic plants through the analysis of chlorophyll fluorescence relaxation kinetics [26, [62] [63] [64] [65] . In the absence of DCMU, typical flash-induced chlorophyll fluorescence relaxation kinetics could be observed in wildtype plants under normal light with three distinct phases, i.e. the fast phase, the middle phase and the slow phase ( Fig. 3A, S1A ; Table 1 ). Under normal light, the transgenic plants displayed no significant difference in the kinetics of the three phases compared to wild-type plants ( Fig. 3A, S1A ; Table 1 ). However, after excess-light treatment in transgenic plants, the fast phase showed a larger increase of the decay half-time and a larger decrease of the amplitude compared to wildtype plants. The middle phase showed a larger increase of both the decay half-time and the amplitude in transgenic plants compared to wild-type plants. The slow phase showed a larger decrease of the decay half-time and a larger increase of the amplitude in transgenic plants relative to wild-type plants ( Fig. 3B, S1B ; Table 1 ). In the presence of DCMU, the fluorescence relaxation kinetics dominated by a slow component that arises from the reoxidation of Q A − with the S 2 state of the OEC was observed in both wild-type and transgenic plants. There were no significant differences in the fluorescence relaxation kinetics between wild-type and transgenic plants either under normal light or under excess light (Fig. 3C , D, S1C, S1D; Table 1 ). Taken together, the flash-induced chlorophyll fluorescence decay measurements indicated that electron transport at the acceptor side of PSII is affected in transgenic plants under excess light conditions. We used thermoluminescence to investigate the redox properties of the acceptor and donor sides of PSII in wild-type and transgenic plants With DCMU wt 100 With DCMU wt 100 under excess light conditions [66, 67, 68] . Recombination of positive charges stored in the S 2 and S 3 oxidation states of the water-oxidizing complex with electrons stabilized on the reduced Q A and Q B acceptors of PSII results in characteristic TL emissions [69, 70, 71] . After a single turnover flash in the absence of DCMU, the B-band can be observed by TL measurements and represents S 2 Q B recombination. In the presence of DCMU, the B-band is replaced by the so-called Q-band, which represents S 2 Q A recombination. Under normal light conditions, the peak temperatures of both the B-band and the Q-band showed no differences between wild-type and transgenic plants (Fig. 4A , C, Table 2 ). After excess light treatment, a clear shift of the B-band toward lower temperature was observed both in wild-type and transgenic plants. The shift of the B-band was greater in transgenic plants than in wild-type plants (Fig. 4B , Table 2 ). The Q-band also shifted slightly toward lower temperatures after excess-light treatment, but there were no significant differences in the peak temperature of the Q-band between wild-type and transgenic plants (Fig. 4D , Table 2 ). Thus, these results suggest that there is a modification in the redox properties of Q B and that the redox properties of the S 2 state are unaltered in transgenic plants after excess-light treatment.
The oscillation of the intensity of the B-band in wild-type, igr2-9, and igr2-14 plants was also measured (Fig. 4E, F) . Under normal light, a typical oscillation pattern with a periodicity of four and maximum emission on the second flash was observed in both wild-type and transgenic plants (Fig. 4E) . Under excess light, the oscillatory pattern in transgenic plants was dampened to a large extent compared to that in wild-type plants (Fig. 4F) .
Amount of PSII proteins and PSII complexes under excess light
To further characterize how excess light affects PSII proteins in wildtype, igr2-9, and igr2-14 plants, we analyzed changes in the amount of the PSII proteins D1, D2, CP43, CP47, LHCII, and PsbO. In addition, we analyzed the amount of the photosynthetic membrane proteins PsaA for PSI, Cytf for cytochrome b 6 /f, and CF1β for ATP synthase in both wildtype and transgenic plants (Fig. 5, S2 ). Under normal light conditions, there were not differences in the amounts of all analyzed proteins between wild-type and transgenic plants. After excess-light treatment, there was a considerable decrease in the amount of D1, D2, CP43 and CP47 in transgenic plants compared to the levels in wild-type plants. The levels of D1, D2, CP43 and CP47 in transgenic plants were reduced to 40-60% of those in wild-type plants. However, no changes in the amounts of the other analyzed PSII proteins such as PsbO and LHCII were observed. In addition, the levels of PsaA, CF1β, and Cytf in transgenic plants were reduced to about 85% of those in wild-type plants.
To examine the PSII complexes, thylakoid membrane complexes from wild-type and transgenic plants were analyzed by BN-PAGE and subsequent SDS-PAGE. As shown in Fig. 6A , six major bands, labeled I to VI, were resolved after BN-PAGE separation in wild-type and transgenic plants. These bands likely represent PSII supercomplexes (band I), monomeric PSI and dimeric PSII (band II), monomeric PSII (band ). The values are means ± SD of three independent experiments. The measurements were performed in the absence and presence of 50 μM DCMU. Mean ± SD values were calculated from four to six independent experiments. III), CP43-free PSII (band IV), trimeric LHCII/PSII reaction center (band V), and monomeric LHCII (band VI) [72] . The amounts of protein in the six bands in transgenic plants were similar to those in wild-type plants under normal light (Fig. 6A) . However, after excess-light treatment, the amounts of protein in bands I, II, and III in transgenic plants decreased compared to the wild-type (Fig. 6B) . After BN-PAGE, second-dimensional SDS-PAGE was performed to separate the proteins in different fractions (Fig. S3) . Under normal light, there were no differences in the amounts of protein in the different fractions between wildtype and transgenic plants. After excess-light treatment, however, the PSII core proteins D1, D2, CP47, and CP43 were reduced in transgenic plants compared with wild-type plants.
H 2 O 2 accumulation under excess light
GR is involved in the ascorbate-glutathione cycle that scavenges H 2 O 2 [5, 32] , and chloroplast GR levels are closely linked to the amount of H 2 O 2 accumulation under stress conditions [45, 46] . Thus, the impaired PSII function in igr2-9 and igr2-14 plants under excess light may be due to the accumulation of H 2 O 2 . To test this hypothesis, we measured the levels of H 2 O 2 in wild-type, igr2-9, and igr2-14 plants (Fig. 7A, B) (Fig. 7C, D, E, F) . We further investigated the changes in the activities of enzymes involved in the ascorbate-glutathione cycle as well as the activity of SOD in the chloroplast in wild-type, igr2-9, and igr2-14 plants (Fig. S4 ). There were no significant changes in the activities of sAPX, tAPX, MDHAR, DHAR, and SOD between wild-type and transgenic plants either under normal light conditions or under excess light conditions. However, excess light led to an increase in the activities of these enzymes in the chloroplast. We also examined the changes in the pool sizes of glutathione and ascorbate in wild-type, igr2-9, and igr2-14 plants (Fig. S5) . Compared to wild-type plants, igr2-9, and igr2-14 plants showed a decrease in the content of GSH, an increase in the content of GSSG, as well as a decrease in the ratio of GSH/GSSG either under normal light conditions or under excess light conditions. However, excess light resulted in a greater decrease in the content of GSH, a greater increase in the content of GSSG, as well as a greater decrease in the ratio of GSH/GSSG in igr2-9, and igr2-14 plants than in wild-type plants. In addition, there was a decrease in the content of ASC and the ratio of ASC/DHA in igr2-9, and igr2-14 plants compared to that in wild-type plants and such a decrease was greater under excess light conditions than under normal light conditions. There was no significant difference in the content of DHA between wild-type and transgenic plants either under normal light conditions or under excess light conditions although excess light resulted in an increase in the content of DHA.
Repair of photodamaged PSII
The above results show that the transgenic plants accumulate high levels of H 2 O 2 after excess light treatment and that PSII function is profoundly impaired. This suggests that GR2 plays an important role in protecting PSII against excess light by maintaining H 2 O 2 homeostasis. We investigated whether the impaired PSII function in transgenic plants is also associated with inhibited repair of photodamaged PSII. Detached leaves were exposed to excess light conditions (400 μmol m −2 s −1 ), and the PSII activity was monitored in the absence or presence of lincomycin, which blocks the repair of PSII [73, 74, 75] . In the absence of lincomycin, the values of F v /F m in the detached leaves from both wild-type and transgenic plants revealed a decrease in PSII activity, with a much larger decrease in transgenic plants than in wild-type plants. However, in the presence of lincomycin, F v /F m in detached leaves from transgenic plants decreased at a similar rate as in wild-type plants (Fig. 8A) . Similar results were also observed when PSII oxygen evolution was determined in the presence/absence of lincomycin (Fig. 8B) . These results suggest that lower levels of GR2 led to decreased repair of photodamaged PSII. We therefore examined the repair of photodamaged PSII in wild-type and transgenic plants after exposure to excess light (Fig. 8C) . After leaves were exposed to excess light (400 μmol m −2 s −1
) to decrease PSII activity to approximately 55% of the initial level, the leaves were then transferred to the growth light for recovery of PSII activity [15] . Fig. 8C shows that the recovery rate of PSII activity in transgenic plants was lower than that in wild-type plants, further supporting the idea that a lack of sufficient GR2 inhibits the repair of PSII under excess-light conditions.
We also examined the accumulation of H 2 O 2 in wild-type and transgenic plants after exposure to excess light. There was a dose-dependent increase in the H 2 O 2 accumulation in wild-type and transgenic plants upon exposure to excess light, and this increase was much larger in transgenic plants than in wild-type plants (Fig. S6) .
Expression of psbA and the synthesis of D1 protein
We further investigated the changes in the expression of psbA and the synthesis of D1 protein de novo in both wild-type and transgenic plants after exposure to excess light (Fig. 9) . The analyses of northern blot and quantitative PCR showed that the expression of psbA was induced significantly by excess light in wild-type and transgenic plants but there was no significant difference in the psbA transcript level between wild-type and transgenic plants (Fig. 9A, B) . The analyses of in vivo pulse labeling with [35S]Met demonstrated that the synthesis of D1 protein de novo was reduced in transgenic plants as compared to that in wild-type plants after exposure to excess light for 5 h (Fig. 9C ).
Discussion
Previous studies have shown that chloroplast GR plays an important role in preventing photoinhibition [48, 49, 50] . However, the underlying mechanisms are not fully understood. In this study, we characterized the role of GR2 in protecting PSII from excess light using transgenic Arabidopsis plants with reduced levels of GR2 [41] .
Our results showed that PSII function is severely impaired in GR2-downregulated Arabidopsis plants after excess-light treatment. PSII activity was significantly decreased in the transgenic plants (Fig. 2) . In addition, levels of the PSII core subunits D1, D2, CP43 and CP47, and the corresponding active PSII complexes were significantly reduced in transgenic plants following exposure to excess light (Figs. 5, 6 ). These results show that GR2 plays an important role in protecting PSII function under excess light conditions.
Both flash-induced chlorophyll fluorescence decay and TL have been used as the powerful tools to investigate the functions of the donor side and acceptor side of PSII [26, [63] [64] [65] 67, 68, [76] [77] [78] [79] . To further investigate how GR2 protects PSII function from excess light, we examined the properties of the donor and acceptor sides of PSII using flash-induced chlorophyll fluorescence decay and thermoluminescence. Flashinduced chlorophyll fluorescence decay can be used to monitor forward electron transport and charge recombination processes of the reduced ). In addition, a significant increase in the decay half time and the amplitude of the middle phase in transgenic plants under excess light conditions ( Fig. 3B ; Table 1 ) indicates that decreased GR2 resulted in a decreased affinity of Q B binding pocket by PQ molecules. We also observed that there were a decrease in the decay half time of the slow phase and an increase in the amplitude of the slow phase in transgenic plants under excess light conditions ( Fig. 3B; Table 1 ). These results suggest that the slow phase was accelerated and the charge combination between S 2 and Q A − via the Q A − Q B ↔ Q A Q B − equilibrium was enhanced. However, our results show that in the presence of DCMU, there was no difference in the overall fluorescence decay kinetics between wild-type and transgenic plants under excess light conditions ( Fig. 3D ; Table 1 ). These results suggest that decreased GR2 had no effects on the donor side of PSII and the charge combination between Q A − and S 2 under excess light condition. The B band in the TL curve in the absence of DCMU arises from the charge combination between Q B − and S 2 in PSII. The Q band in the TL curve in the presence of DCMU results from the charge combination between Q A − and S 2 in PSII [83, 84] . The peak temperatures for the B and Q band are related to the redox potential difference between the recombining charge-separated pairs and thus to the energy input required to drive the back electron flow [85, 86] . Therefore, the higher the peak temperature is, the greater the stabilization of the separated charge pair is [87] . Our results show that compared to that in wildtype plants, the peak temperature for the B band in transgenic plants under excess light conditions was shifted to a lower temperature. However, there was no difference in the peak temperature for the Q band between wild-type and transgenic plants ( Fig. 4 ; Table 2 ). These results suggest a decrease in the stability of the S 2 Q B − charge recombination in transgenic plants but no changes in the stability of the S 2 Q A − .
This finding also suggests that the redox potential of Q B was decreased in transgenic plants and that the redox potential of the S 2 state in transgenic plants was similar to that in wild-type plants after excess light. Therefore, the difference of redox potential between Q A and Q B in transgenic plants was smaller than that in wild-type plants.
As discussed above, our results indicated that decreased GR2 levels result in the inhibition of electron transfer from Q A − to Q B ( Table 1) . The decreased apparent equilibrium may be associated with decreased affinity of the Q B binding pocket, since there was an increased decay half-time in the middle phase under excess light ( Table 1 Excess light often leads to photodamage to photosynthetic capacity. In general, PSII is considered as the primary target of photodamage [7, 88, 89] . In vitro studies have shown that ROS may induce direct photodamage to PSII and result in the specific cleavage of D1 protein [88, 89] . In vivo studies have shown that O 2 • − and 1O 2 result in photodamage to PSII [25, 26, 90] . In this study, our results suggest that the H 2 O 2 accumulation in vivo caused by decreased GR2 resulted in a direct effect on PSII and led to the inhibition of electron transport at the acceptor side of PSII ( Figs. 3-6 ; Tables 1, 2 ). In addition, our results suggest that GR2 protects PSII function during excess light conditions by alleviating the inhibition of PSII repair (Fig. 8) . In vivo labeling of thylakoid proteins provided evidence that the inhibition of PSII repair in transgenic plants under excess light conditions was associated with the inhibition of the synthesis of the D1 protein de novo (Fig. 9C) . It seems that the inhibition of the synthesis of the D1 protein de novo might not occur at the transcription level since there was no significant difference in the expression of psbA between wildtype and transgenic plants during exposure of excess light (Fig. 9A, B) . It seems that ROS may inactivate the repair of photodamaged PSII in cyanobacteria and higher plants [4, 17] . ROS may result in photodamage to PSII possibly by inhibiting the repair of the photodamage to PSII in the cyanobacterium Synechocystis sp. PCC 6803 [18] ) and the PSII oxygen evolution rate was determined during exposure to excess light (400 μmol m −2 s . The time to reach 55% photoinhibition of PSII activity was about 6 and 4 h in wt and transgenic plants, respectively. Values are means ± SD of three independent experiments. helps maintain the repair of photodamaged PSII and maintain the D1 protein synthesis de novo under high light and salinity stress conditions in tobacco plants [23] . Thus, our results suggest that the protection of PSII by GR2 under excess-light conditions is also related to alleviating the inhibition of repair of photodamaged PSII through preventing the accumulation of H 2 O 2 .
As mentioned above, our results suggest that the donor side of PSII is not affected in transgenic plants under excess light conditions ( Fig. 3D ; Table 1 ). GR2 proteins and the ascorbate-glutathione cycle are located in the stroma of the chloroplast, and GR2 plays an important role in scavenging H 2 O 2 in the stroma and adjacent thylakoid membranes, around PSI [5] . H 2 O 2 is generally thought to be able to diffuse through membranes [92, 93, 94] . However, the amount of H 2 O 2 detected outside the chloroplast is less than 5% of the total of H 2 O 2 produced inside the chloroplast [94] . This suggests that H 2 O 2 diffusion across membranes is limited. It is reasonable to assume that very little of the H 2 O 2 accumulated in the stroma will cross the thylakoid membranes to enter the lumen in transgenic plants under excess light conditions. Thus, the donor side of PSII is not easily damaged by the presence of H 2 O 2 .
GR is involved in the ascorbate-glutathione cycle to scavenge H 2 O 2 by reducing GSSG to GSH [32] , indicating that GR is important for maintaining H 2 O 2 homeostasis. Indeed, our results show that severely decreased GR2 levels results in increased H 2 O 2 accumulation after excess light treatment (Fig. 7, S6 ). In addition, the levels of 1O 2 and O 2 • − in the transgenic plants were similar to those in wild-type plants under both normal and excess light conditions (Fig. 7) . These results are consistent with our previous studies, where the decrease of chloroplast GR levels in tobacco and inhibition of Arabidopsis GR2 resulted in the accumulation of H 2 O 2 under stress or normal growth conditions [41, 46, 45] . How reduced GR2 resulted in an accumulation of H 2 O 2 under excess light conditions is not clear. Our results show that there was no significant difference in the activities of APX, MDHAR, DHAR and SOD between wild type and transgenic plants under excess light conditions (Fig. S4) . However, there was a significant decrease in the levels of ASC and GSH in the chloroplast in transgenic plants under excess light conditions (Fig. S5) . APX in the ascorbate-glutathione cycle is an H 2 O 2 -scavenging peroxidase using ASC as an electron donor [5] . However, APX is inactivated easily when the concentration of ASC is low [95] . Thus, the decrease in the content of ASC in the chloroplast may limit the reaction catalyzed by APX, which leads to an accumulation of H 2 O 2 in transgenic plants under excess light conditions. H 2 O 2 can be produced in different cellular compartments, such as chloroplasts, mitochondria, peroxisomes, and the cytoplasm. GR2 localizes to chloroplasts as well as mitochondria, and it is therefore reasonable to assume that the high levels of H 2 O 2 in transgenic plants may be due to accumulation of H 2 O 2 in both chloroplasts and mitochondria. However, studies in cellular distribution of GR activity have shown a very low level of total GR activity in mitochondria [96] . In addition, a recent report demonstrated that Arabidopsis GR2 is localized to plastids [37] , which suggests a relatively weak targeting efficiency to mitochondria for GR2. Furthermore, a decrease of chloroplast GR protein levels in tobacco has been correlated with high levels of accumulated H 2 O 2 in chloroplasts under stress conditions [45, 46] . Therefore, we propose that the accumulation of H 2 O 2 in transgenic Arabidopsis plants under excess light is mainly due to the accumulation of H 2 O 2 in chloroplasts. Thus, the impaired PSII function in transgenic igr2-9 and igr2-14 plants under excess light conditions observed in this study is likely associated with the accumulation of H 2 O 2 in chloroplasts.
In conclusion, the decrease of Arabidopsis GR2 levels results in impaired PSII function under excess light conditions. Our results suggest that the electron transport at the acceptor side of PSII is inhibited in transgenic plants. Our results also suggest that the repair of photodamaged PSII is inhibited in transgenic plants. Therefore, GR2 protects plants against excess-light stress by alleviating the inhibition of both the acceptor side of PSII and the repair of photodamaged PSII by preventing the accumulation of H 2 O 2 .
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This study was supported by the National Natural Science Foundation of China (30970218) and the State Key Basic Research and Development Plan of China (2015CB150105). ). The psbA transcript and the synthesis of the D1 protein de novo were determined after exposure to excess light. (A) Levels of the psbA transcript determined by quantitative PCR. Values are means ± SD of three independent experiments. (B) Levels of the psbA transcript determined by northern blot. Three independent experiments were performed and a representative one is shown. (C) Synthesis of the D1 protein de novo determined by in vivo pulse labeling with [35S]Met after exposed to excess light for 0 and 5 h, respectively Three independent experiments were performed and a representative one is shown.
